We cross-correlate several sources of archival photometry for 1265 bright (V ∼ 16 mag) white dwarfs (WDs) with available high signal-to-noise spectroscopy. We find 381 WDs with archival Spitzer+IRAC data and investigate this subsample for infrared excesses due to circumstellar dust. This large data set reveals 15 dusty WDs, including three new debris discs and the hottest WD known to host dust (WD 0010+280). We study the frequency of debris discs at WDs as function of mass. The frequency peaks at 12.5 per cent for 0.7-0.75 M WDs (with 3 M main-sequence star progenitors) and falls off for stars more massive than this, which mirrors predicted planet occurrence rates for stars of different masses.
I N T RO D U C T I O N
Over the last two decades, hundreds of planets have been discovered and confirmed using a variety of techniques, each with its own set of advantages and shortcomings. The most intuitive method for detecting planets, of course, is to directly image them. Unfortunately, this method has also proven to be the most difficult. The small angular size of the orbit, in conjunction with the large contrast in brightness between the host star and planet place most systems beyond the resolution and photometric accuracy limit of current observational facilities (e.g. Graham et al. 2007) . Observing a planetary transit, on the other hand, hinges on the slim chance of an alignment between the orbital plane and the observer's line of sight. For example, the probability of a Sun-like star being transited by a planet orbiting at 1 au is only 0.5 per cent. More distant planets, like Jupiter, are even less likely to transit. Similar to transits, radial velocity measurements require that the orbital plane be highly inclined. Furthermore, systems with low-mass planets and/or high-mass stars produce small velocity variation amplitudes, making them difficult to detect. Many of the hurdles facing main-sequence (MS) planet detections are compounded with increasing stellar mass. In fact, virtually no planets have been detected at stars more massive than 3 M .
Despite this bias in exoplanet detections, the frequency of Jovian planets increases from 3 per cent for M dwarfs to 14 per cent for 2 M stars (Bowler et al. 2010; Johnson et al. 2010) . Could it be that planets do not form around massive (>3 M ) stars, or is this a selection effect? The planet formation models of Kennedy & Kenyon (2008) and Alibert, Mordasini & Benz (2011) suggest E-mail: sara.d.barber@ou.edu (SDB); kilic@ou.edu (MK) † American Institute of Physics Congressional Fellow the latter. They predict that the fraction of stars with giant planets shows a steady increase with mass up to 3 M .
Since conventional planet detection techniques lose sensitivity in the massive (>3 M ) regime, one can more easily search for planets by looking at these systems in post-MS. If planets survive post-MS evolution, they should be detectable around white dwarfs (WDs) (Burleigh, Clarke & Hodgkin 2002; Gould & Kilic 2008) . Unfortunately, there are still no confirmed planetary mass objects around single WDs (Burleigh, Clarke & Hodgkin 2003; Friedrich et al. 2007; Faedi et al. 2011) . The candidate planet around the pulsating WD GD 66 (Mullally et al. 2007 ) is currently disputed (Hermes 2013 ).
An easier way to detect remnant planetary systems around WDs is to look for the tidally disrupted remains of exoplanets, moons, and asteroids in the form of circumstellar debris discs (Debes & Sigurdsson 2002; Jura 2003; Kilic et al. 2006; Farihi, Jura & Zuckerman 2009; Veras et al. 2013 Veras et al. , 2014a Veras, Jacobson & Gänsicke 2014b) . Consider a planetary system consisting of a WD, an asteroid-belt analogue and a Jupiter analogue. In this scenario, minor bodies are sent into chaotic orbits through repeated mean-motion resonance interactions with the Jupiter-like giant planet (Debes & Sigurdsson 2002; Jura 2003) . In the event where the planetesimal crosses the tidal radius of its host WD, it is ripped apart. Subsequent passes further degrade the debris and it eventually embodies a disc geometry. Vanderburg et al. (2015) have recently identified the first disintegrating asteroid around the dusty WD 1145+017 (see also Gänsicke et al. 2016; Rappaport et al. 2016) , providing support to this interpretation. The signature of a disc orbiting a WD is excess emission in the infrared due to the reprocessed light from this dust. This emission is spread out over a much larger area than the crosssectional area of any planet, making it much brighter and easier to detect.
Interestingly, this method of detecting planet hosting systems probes a parameter space complementary to that available to ordinary planet searches. For instance, the signal strength of a circumstellar disc orbiting a WD does not decrease with increasing stellar mass. Also, contrary to transit and Doppler shift signals, the emission from a disc of tidally disrupted planetesimals is strongest when the orbital plane is face-on. Finally, planets that survive the red giant branch and asymptotic giant branch phases of stellar evolution likely lie several AU from the star (Burleigh et al. 2002) . Thus, WD debris discs offer access to the otherwise elusive regime of planetary systems with massive host stars, face-on orbital planes, and large orbital separations.
Dust persists around a WD inside the tidal radius of the WD and outside the radius at which the equilibrium temperature is such that the dust will sublimate (2100 K for pure carbon dust; Debes et al. 2011) . Some discs have been found to extend interior to this radius. Rafikov & Garmilla (2012) find that the dust sublimation temperature may be increased due to the vapour pressure of sublimated dust at the disc's inner rim. Poynting-Robertson drag carries dust from the tidal radius inward towards the WD, where viscous torques cause the sublimated dust to accrete on to the WD's surface (Rafikov 2011a,b; Metzger, Rafikov & Bochkarev 2012; Veras et al. 2013 ). This accretion results in a spectroscopically detectable pollution of the otherwise pristine WD atmosphere. Photospheric abundance analyses of polluted WDs show that the accreted metals originate from tidally disrupted minor bodies similar in composition to that of bulk Earth (Zuckerman et al. 2007; Dufour et al. 2010; Klein et al. 2011; Xu et al. 2014) . Depleted levels of hydrogen and carbon rule out accretion of the interstellar medium (ISM) as a source of photospheric pollution (Jura 2006) . Prior to this work, 39 WDs were known to host dust discs (Barber et al. 2014; Bergfors et al. 2014; Rocchetto et al. 2015) . With this work, we explore the frequency of discs orbiting the greater DA WD population. We also probe, for the first time, a relatively large number of massive WDs for discs. The results of our cross-correlation can be found in Table 1 . We also have optical SDSS photometry for 708 of our targets, the crucial region of the spectral energy distribution to establish the expected near-infrared emission. We also have over a thousand detections in the ultraviolet with GALEX and the near-infrared with 2MASS and UKIDSS. 
C RO S S -C O R R E L AT I O N
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I R AC P H OTO M E T RY
Mid-infrared photometry, like the 3.4 and 4.6 µm photometry available from WISE, is necessary to detect emission from a debris disc orbiting a WD. WISE, however, has poor spatial resolution (6 arcsec beam size) and is known to have a 75 per cent false positive rate for detecting dusty discs around WDs fainter than 14.5(15) mag in W1(W2) (Barber et al. 2014 Table 2 shows the number of detections we found in each IRAC band. We use the IRAF phot and IDL astrolib packages to perform aperture photometry on the corrected basic calibrated data (CBCD) frames. We use a 2 pixel aperture and all Ch 1 photometry is corrected for the pixel-phase-dependence. The IRAC photometry for all 381 WDs can be found in Table 3 .
A thorough analysis of all 1265 SEDs is beyond the scope of this work. Here, we focus only on those 381 WDs with Spitzer IRAC imaging as this data set is best suited for our goal, finding dusty debris discs. The parameter space spanned by our sample is presented in the histograms in Fig. 1 , where the dark histogram represents the WDs we find to host dust. Our sample of WDs lies within 1800 pc and has a V magnitude distribution that peaks at 15.6 mag. The WDs range in temperature from 5.6 to 145 kK and in mass from 0.24 to 1.38 M . 
D I S C M O D E L L I N G
We start by computing a synthetic spectrum for each WD based on the T eff and log g values from Gianninas et al. (2011) and scale it to the SDSS griz photometry. If no SDSS data is available, we use the Strömgren y-band or broad-band V-band magnitude, where Strömgren photometry is prioritized over V-band photometry. In the case where more than one epoch of data is available, we plot all epochs rather than a weighted mean. Once the spectrum is scaled to the optical photometry, we measure any excess emission in the 2MASS, UKIDSS, WISE, and IRAC data. We then use a χ 2 minimization between the measured excess and a selection of dusty disc models. Our disc model grid includes inclinations of 0
• -90
• in steps of 10
• , inner temperatures of 800-2100 K, outer temperatures of 100-1200 K in steps of 100 K and the constraint that the inner temperature exceed the outer temperature.
We use 2MASS and/or UKIDSS JHK photometry to constrain the inner radius of the disc. In all cases, the measured IRAC photometry is used to constrain the mid-IR portion of the SED. If PSF-fitting is required to remove a blend from the IRAC data, the photometry from the PSF-subtracted image is used. WISE data are not used in the fit but is still plotted for comparison.
R E S U LT S
Known discs
We find 15 WDs with circumstellar dust, 12 of which have been previously published. Fig. 2 shows an infrared colour-colour diagram for our WD targets based on UKIDSS and WISE photometry. Known dusty WDs in our sample (shown as red circles) have a relatively flat J − H colour and positive H − W2 colour. Photometry for the remaining objects with positive H − W2 colours is likely contaminated by background objects in the large WISE beam. Using IRAC photometry, when available, we eliminate these sources as debris disc candidates. WD+M dwarf systems appear in a cluster at H − W2 = 0.5 mag and J − H = 0.5 mag (Gianninas et al. 2011) .
To display the robustness of our IRAC photometry and disc models, we check our IRAC photometry against the published photometry for the 12 previously known dusty WDs in Fig. 3(a) . Our measurements agree with published values in all cases. We also compare our best-fitting disc parameters with published values in Fig. 3(b) and generally find agreement to within 5 per cent. 
New discs
Our search also reveals three new dusty WDs, these spectral energy distributions can be found in Fig. 4 . All three dusty WDs appear to host thin rings of circumstellar dust. The SED at WD 0010+280 matches that of a highly inclined disc, extending only 0.13 R from the inner to outer radii. This WD has independently been found to host dust by Xu et al. (2015) . Following , and left triangle (WISE). The model WD atmosphere is shown by a grey line and the bestfitting debris disc model is shown by a red line. The addition of these two is shown by a the black line. The best-fitting brown dwarf model is shown by a brown line and the addition of the synthetic photometry of this model and the synthetic photometry of the model WD atmosphere is shown as brown points. In all cases, the measured excess more closely resembles the excess originating from a debris disc than that of a brown dwarf companion. The blending source in the J0420 IRAC 1 image is removed before PSF photometry is performed.
near-infrared UKIRT+WFCAM observations that reveal the disc, Xu et al. (2015) obtain high-resolution spectroscopy of this object using Keck+HIRES and find no trace of heavy element pollution. Thus, the origin of the measured excess remains unclear. However, we do not find any nearby sources contaminating the photometry. Furthermore, the Spitzer and WISE photometry are consistent. We measure the centroid position of the WD in the 2MASS J-band image and compare it with the position of the WD in the IRAC Ch 2 image and find that they are separated by 0.2 arcsec. Furthermore, according to the galaxy counts from Fazio et al. (2004b) , there is only a 1.3 per cent chance of an alignment within our 2.4 arcsec aperture with a background galaxy bright enough to create the measured excess. Thus, we eliminate background galaxy contamination from consideration. WD 0010+280 is by far the hottest dusty WD found to date, a full 2000 K hotter than the 25 000 K WD 1537+515 (Barber et al. 2014) . Therefore, with this discovery we expand the parameter space occupied by dusty WDs. We find that WD 0420+520 is surrounded by a thin, 0.05 R wide, dusty disc. This object was first identified as a candidate WD+disc system using WISE by Hoard et al. (2013) and was recently found to have Ca absorption lines in its Keck+HIRES spectrum (Debes, private communication) . There is a blended source in the IRAC Ch 1 photometry, but is cleanly subtracted (Fig. 5) . We plot the photometry from the PSF-subtracted image in Fig. 4 and use it to fit the debris disc. Using the background galaxy counts from Fazio et al. (2004b) , we estimate that the excess observed at WD 0420+520 has a 0.4 per cent chance of originating from a background galaxy. Further, we deem the 2MASS and IRAC centroids, separated by 0.47 arcsec, to be consistent (see Section 5.3).
The disc orbiting WD 0950-572 is the most narrow disc of the three, extending only 0.04 R . We examine the dependence of the WD centroid position on wavelength to see if a background galaxy might be the cause of the observed excess. After correcting the 2MASS J-band centroid for proper motion, we find that it differs from the IRAC Ch 2 centroid position by 0.44 arcsec. We also calculate that there is a 1.7 per cent chance of an alignment with a galaxy of the brightness needed to create the excess. Thus, we conclude that WD 0950-572 is a bona fide dusty WD. All of the new best-fitting disc parameters are listed in Table 4 .
Centroid positions
We plot the 2MASS-IRAC centroid separations for all 15 dusty WDs in our sample in Fig. 6 . The known dusty WDs appear as blue circles and the three new discs are red stars. We show the IRAC pointing accuracy as a green line and the mean separation for the known dusty WDs as a blue line, with a 1σ shaded area on either side. It is clear that the IRAC centroids for the three new disc hosting WDs are consistent with the 2MASS centroids within the errors. The risk of contamination due to the chance alignment with a background galaxy is of little concern with a sample of bright WDs.
Using the set of disc candidates with both WISE and IRAC photometry, we take advantage of the higher spatial resolution of IRAC to examine the contamination rate of WISE. We identify 34 disc candidates and find that 16 of these have neighbouring point sources within 6 arcsec, for a contamination rate of 50 per cent. These disc candidates, ranging 11.5-16.5 W1 mag, are brighter than the disc candidates from Barber et al. (2014) that revealed a 75 per cent WISE contamination rate. Our sample contains 374 WDs that are detected in archival IRAC 2 images. When we examine those brighter than W2 = 15 mag for blends, we find a contamination rate of 70 per cent.
Brown dwarfs
We consider brown dwarf companions as an alternate possible origin for the measured excesses around the three newly discovered dusty WDs. We compare each measured excess with the Burrows, Sudarsky & Hubeny (2006) solar metallicity, log g = 5.0, L and T dwarf spectral models. To find the best-fit brown dwarf model, we perform a chi-squared minimization between the 2MASS JHK and IRAC Ch 1 and Ch 2 synthetic photometry of the brown dwarf synthetic spectra and the corresponding WD measured photometric excesses. The synthetic spectrum is plotted in brown in Fig. 4 . The brown points are the addition of the best-fitting brown dwarf synthetic photometry and the synthetic photometry of the WD model spectrum. The measured excesses more closely resemble the expected excess due to circumstellar dust than brown dwarf companions in all three cases. Therefore, the observed excesses are unlikely to be from brown dwarf companions.
Frequency dependence on mass
We report an overall disc frequency of 3.9 per cent, consistent with the 1-5 per cent disc frequency of previous surveys. Out of 381 WDs with IRAC data, 69 are massive (>0.8 M ), thus this is the largest sample of massive WDs explored for the presence of dust. We find a signature for dust around none of these massive WDs, however. Assuming a 3 per cent frequency of discs for massive WDs (Barber et al., in preparation) , there is a 12 per cent chance of finding zero discs in a sample of 69 WDs. Hence, the lack of detection of discs around massive WDs in our sample is not surprising. In fact, several WD infrared excess searches have returned a null result for dust orbiting massive WDs. Hansen, Kulkarni & Wiktorowicz (2006) examined 12 hot (T eff > 30 000 K), massive (M > 1M ) WDs with Spitzer IRAC and found no instance of excess infrared emission. The authors were looking for planets, however, and we do not expect to find debris discs around stars this hot. Mullally et al. (2007) surveyed 124 WDs with T eff = 5000-170 000 K using mid-infrared Spitzer photometry. Their search for infrared excess finds two dusty WDs for a disc frequency of 1.6 per cent. However, this survey extends beyond the temperature range within which solid dust orbiting interior to the tidal radius can persist. While this sample was selected based on brightness, there are six WDs with T eff = 9500-22 500 and M > 0.8M (Gianninas et al. 2011) . None of these six WDs were found to have an infrared excess. Farihi, Zuckerman & Becklin (2008) conducted a Spitzer IRAC survey that focused on descedents of intermediate-mass stars with M > 3 M and T eff > 30 000 K. They found none of their 22 young, high-mass, field WDs to be dusty. This sample is also too hot for solid dust particles to persist within the stellar tidal radius. Debes et al. (2011) recently searched for infrared excesses amongst an unbiased (in terms of metallicity) WD sample using the WISE (Wright et al. 2010 ) data. They found about 1-5 per cent of these WDs to be dusty. However, the large beam size of WISE allows for a 75 per cent false positive rate due to background contamination (Barber et al. 2014) . Barber et al. (2014) conducted follow-up higher spatial resolution infrared imaging of 16 disc candidates from this study and confirm the observed infrared excess for one massive dusty WD, J1234.
We separate our IRAC sample into 0.05 solar mass bins and find that the frequency of discs peaks at 12.5 per cent for the 0.70-0.75 M bin and drops off on either side (Fig. 7) . We compute this frequency variation with progenitor mass using the initialfinal mass functions of Kalirai et al. (2008) and Williams, Bolte & Koester (2009) and find general agreement between the two. To first order, the frequency-mass dependence resembles the dependence of giant planet formation on stellar mass put forth by Kennedy & Kenyon (2008) , however larger sample sizes are required to narrow the confidence intervals. The number of WDs and disc detections in each bin and corresponding frequency with 1σ binomial confidence intervals (Burgasser et al. 2003; McCarthy & Zuckerman 2004 ) can be found in Table 5 .
C O N C L U S I O N S
We create SEDs for 1265 bright WDs with precise atmospheric parameters using ultraviolet to mid-infrared photometry from GALEX, SDSS, 2MASS, UKIDSS, WISE, and Spitzer. We find 15 dusty WDs of which 12 are previously known and three are new detections. Our measured IRAC photometry of the 12 previously known dusty WDs as well as our best-fitting disc parameters agree with published values. All three new discs are narrow rings. We rule out contamination from chance alignment with background galaxies by comparing the centroid position of each WD in their 2MASS J and IRAC Ch 2 images. The presence of a galaxy, in all cases save an exact alignment with the WD, will shift the IRAC Ch 2 centroid (where an excess is measured) relative to the 2MASS J band centroid (where there is no excess). Centroids for all three new WDs are separated by less than 0.5 arcsec, the pointing accuracy of IRAC, and are thus considered consistent. We compare centroid separations for the new discs with Kennedy & Kenyon (2008) are shown for reference in green where the solid and dashed lines assume an evolving snow line and the dash-dotted line assumes a static snow line. The WD disc frequency variation resembles that of MS giant planets, but larger sample sizes are required to narrow the confidence intervals. the 12 previously known discs and find that the mean separation of these centroids is also less than the IRAC pointing accuracy. We find a disc frequency of 3.9 per cent for the subsample with Spitzer IRAC imaging, which is consistent with the 1-5 per cent frequency found in previous surveys (Mullally et al. 2007; Farihi et al. 2009; Debes et al. 2011; Barber et al. 2012; Rocchetto et al. 2015) . We also find that the frequency varies with WD mass, though larger samples of WDs are required to precisely constrain the mass dependence. The frequency climbs slowly, peaks at 12 per cent in the 0.70-0.75 M mass bin and falls off steeply for WDs more massive. This dependence closely mirrors the predicted frequency of giant planet formation as a function of MS mass put forth by Kennedy & Kenyon (2008) . We find no dust around the massive WDs in our sample, but given the relatively small sample size, this is not surprising (Barber et al., in preparation) .
